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FLOW STRESS OF POLYCRISTALLINE OF ALPHA TITANIUM IN DEPENDEME OF THE
STRUCTURE AND BEFORMATION CONDITIONS

ANDRZEJ DZ1ADON, ANDRZEJ LATKOWSKI

T
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The paper concerns the investigations of the mechanisio of polhversstalbne defor-
mation of alpha titanium in the temperatose range of 20 606 0 The experimen! was
carried out on iodide litanium containing 047, the value is myen in terins of equivalent
oxygen contenl. of interstitial contaminations The mean size of The cireubar fial gram
of this substance was within the range of .7 10 170 um.

It was found that the temperature ifiuence on (e values of actual stresses e Gta-
nium is in good agreement with the Seeger model. On the basis of (he tension fest the
coefficients &k and o, taken from the Hall-Peteh equation have been derned. Che
analysis of these coefficients shows that the initiation process of plastic deformation has
specific qualities which distinguish the momentum of plastic deformation from further
course of polycrysial deformation.

The observations of siructure dislocations which were carried oul on samples de-
formed at a rate of ¢ == 3.6 x 10~4 s~1 allow 1o state that the dislocations cause tangles
formation inside grains: syslems of simple dislocutions have been alse observed. At
a temperature of 300°C the deformation caused formation of cellular structure. At the
grain boundary the pile-up was nol found. whereas in case of microdeformations at the
grain boundary emission of partial dislocalions has been observed.

On the basis of the changes of the coefficients k and o, from the Hall-Petch equation
versus rate of deformation and on the basis of carried out observations of dislocation
structures Lthe authors suggest that in the investigated temperature range the initiation
process ol plastic deformation of alpha polycrystalline titanium can be described by
means of the Li model.
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1. Introductian

The role aof one of the parameters characterizing the structure,
which is the grain size, on the stress value causing the plastic deform-
ation of polycrystal can be expressed analytically by the Hall-Petch
enuation (1,2 J:

~/
0_‘-.—.6"04_‘((* -

wnere G - the stress causing the given plastic deformation, g - the
stress necessary to overcome the "friction" to which the moving dis-
locetions are subjected in the crystal lattice, k - constant representing
the resistance to the spreading of slide zone, d - grain diameter.

It wes experimentally confirmed, that the sbove relation is satisfied
by the alpha titanium, both in the pu') test C 3,4,5) and the hardness
measurements € 6,7,8 ). The Hall-Fatch relation for the alpha titanium is
interpreted in the literature by the Conrad model (9). Such a description
of the polycrystal deformsticn process is only a farmal descriptien taking
into account only the ceterminec gualitative relation betwasen the stess
incrwase anu the incresse of dislocation density. In turn, the dislocation
density cepends on the graein sizs. In this way one can make a direct
connaction between the stress value snd the grain size.

The mechanism of polycrystslline deformation in alpha titanium, used
@specially the proceass of deformation initiation, is still unexpleined.

It 1s suggested thaet the deformstion initistion tekes place through thae

dislocation generation of the oresin boundary {8), but st the same tims one




doesn't exclude the possibility of deformation propagation due to thea
pile-uns (1).

The still incomplete state of experimental dats and their controversial
interpraetations were the reasaons for undertaking this work of studying
the crystalline deformation of alpha titanium in wide temperature rangs
from 25°C to 60U°C. The goal of this study wes the sttempt to determine
the mechanism of plastic polycrystelline deformation of alpha titsnium
with the emphasis on initiation of this ceformation. The experimentel
method used, was the anelysis of Hell-FPetch relztion as a function of de-
formation for the given temperature range, together with the observation

of dislocation structure changes.

2. Fxperimenta’ material and method

The stuoied m. terial was th= iodine titanium made by the Titanium
Imoverial Chemica) Industries. The ampunt of interstitial admixture was
equivalnet to 0.4 atomic percent of oxygen ( accoroing to: N = 20,

C = 3/60(1u] ).

the initial material, the roll stock 10 mm in diameter, was pulled
without heatinyg with the cumulative deformetion factor of 70%. The
samples made of it were 2.6 mm in dismeter and 23 mm length and were heated
to recrystelize in copper containers ( Table 1 ).

The pu'ling tests were per‘ormed at temperature renge from 25" to
600°C, using the streain testing machine "Instron", eaquipped with high
temperature, three-range cven with the argon atrosphere. To extend the
range of testing, two deformaticn speeds were applied: é = 3,6 X IU'L
sec™’ ang €= 1.5 x 107%sec”!.

The microscopic studies were performed using ths "Neophot - 2"

optical microscope anc the "Tesls" BS - 613 electron microscope. Tha
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texture studies were made using the X-ray method and the TUR 60 wvachine,

3. Experimental results.
3.1 The structure of heated alpha titanium

As a result of heeting, five groups of samples were obtained, differ-
ing in grain size ( Teble 1 ). It was determined that the greins are
uniformly distrituted and have the even axis cherscter in each group. The
grein size wes determined using the Jeffries - Saltykov method as quoted
; by Rys (11), as the "average dismeter of flat circular grain"., The
measurements were made on the polishead cuts alonc and across the sample
to be pulled.

The observation of thin foils a'lowed tc determine, that the grain
intericrs and their bouncaries are free from fractioning., A typical
picture of yrain tounuary is shown in Fig 1. Inside the grains, the simple
dislocation systems were found, typical to the hesteo material ( Fig 2 ).
The X-ray studies inoicate the existence of (}.U T d) structure in re-

: crystallized titaniun. Fig 3 shous the example of X-ray diffraction
obtajned from 8 sample with 17.5‘rm grein,

) The s11p in slphe titanium is most likely in ( 1070 ), [ 12107,
] ang(1011) Ll?iﬂ} systems. The dislocetions in these plenes are the
[ "tree® dislocetion for the(000') plane. Thus tc determine the slip dis-

location density, one has to deterrine the density cof etched cavities

in the (D00D)1) plane. From the structure studies it follows, that the

(000Y) pl=ne is parallel cor only slightly deviating from the sample mxis.

This is why the etching was done in tha samples axial planes. In reslity,
it surns out that poth, in fine anc coarse yrained material, only few

grains hao the stchinyg cavities. Cess (1¢) determined, that the etching

of uislucetion cavities in the (00C]1) titsnium plane takes plece only if




this plane forms the angle with the cut plane not larger than a few

degrees. Figures 4 and 5 show the cavities in grains with the average
diameters of 17.5 ang bk.0 pm. Fig &4 shows elso the etching shape of the .
(0001) plane. The dependence of "average cislocation density®", that is, i
the average number of dislocstions per surface unit, on the "average
circuler dismeter of flat grein" is shown in Fig 6. i
Summing the above results concerning the structure of the test material,
one has to emphasize, that as a result of recrystallization one cbtained
both types of samples, fine and coarse grained. That required overation
within a wide range of times and heating temperétures. Cne has to assume,
that the change of thermal processing parameters could have influence an
a structure of grain bounoaries and cause the differences in & degree of
separation of interstitial acmixture atoms to the grain boundaries and dis-
laocatiung. These structural changes are always connected with the recrystali-
zation process. With the increase af average grain dismeter the dislocation
censity insioe the grain decreases, and the oislocation density is of the
crder af 105 cm-l. The recrystalization twins cor the polygonga) systems were
not found in the heated material. It also didn't contain any fractionation
inside or on the grein boundaries. Thic is why it can be treated as a single

phase alloy.

3.2 The effect of the grain size and temperature on the stress values.
The depenocence of the stress on temperaturse and degree of gefarmation
are shown in Figs 7 anc b for the fine anu coarse grainec material. To

s@.arate this functional dependence from the changes of elesticity

mogdulus with temperasture, the measured stresses were diviced by the titanium

cross sectional elssticity modulus G for the given temperature (13].




From the curves it can be seen that it is possible to divide the temperature

range 25° - 600°C into tuwo regions: in the first one the stress is very
sensitive to the temperature chanoes,in the second one the temperature has
no effect on the stress. In Figs 7 and & the first region extends to

about 250°C. The increese of deformation speed by twc orders of magnitude
caused the extension of the first region to abcut 4OC°C ( Figs 9 anma 10 ).
The gependence between the stress and temperature is then in agreement with

the classical Seeger mcoel (14], which assumes that in the case of thermally

activateu oislccaticn movement, the stress ogepencs not only on the oislocation

structure, but &lso on temperature and ceformation speed.

The Hall-Petch graphs were made for the stresses corresponding to the
deformations ¢ = 0.0002, €= 0.02, €= 0.04, €= 0.08 and&0.16., These de-
pencdences, for the deformation speedsé:= 1.5 X 10-2sec-1 andé: 3.6 X llfl.l'sat:-l
are presented for 200°C temperature in Fig 1. The values for the k and 0,
coefficients in Hall-Fetch eguation, obteined by least-square fitting, are
shewn in Tables 2 anc 3. As it can be seen ( Fig 11, Table 2 and 3 ) that

the values of directional coefficlent k anc "friction resistance" G

depend
o~ the defcrmation deares and temper=ture. These relaticns are summarlized
in Figs 12 tkrough 15. They show ( Fig 12 ana 13), the dependence of K
cocefficient as @ function of ceformation, ana ( Fig 14 and 15 ) the tempera-

ture uepengence of ¢,/L coefficient, for the deformation speeds €= 1.5 X

-y - . - -
1L°¢ sec 1 anc €= 5.6 X 1lu 4 sec respectively.

3.3 Structural studies
The chservaticns of cislocation structure were conducted on the samples

with the average arain diameters 5.7 *m and 170.0 MMy deformed with the speed

p - -1 S v
= 3.6 xX10 b cec” et tempreratures 25°r and 300 C. The deformations
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of these samples at 25°1 were €= 0.01, €= 0,04 and €= 0.0¢&, and at 300°C:

€= 0.02, €= 0.04 and &= 0.06. The fine grained samcles exhibited definite
plasticity limit. The deformation values €= G.01 and ¢ = 0.0U2 were for
these samples at the end of the stretching plateau.

Fig 16 shows the characteristic cislocation structures of titanium far
the €= (.01 geformation at <5°C, and Fig 17 the structure at €= 0.02 at 300°C
tesperature. The pictures show, that the structure is characterized by the
tangles ( Fig lta anc 17 ) or by & simple dislocation systems ( Fig 16b and
léc ), no pile-ups were detected. A quite similar type of structures wes
observed in coarse grained material ( Fig 1& and 19 ). The grain toundary
saen In Fig 19 is almost perpendicular to the surface of thin foil; in Fig
1% it forms a sharc angle with it. Fig 1& shows also the cislocaticn di-
poles. At the same time the interaction betweern the oislocaticn and the
grai~ boundary was cbserved ( Fig 16c ).

At the =znc of the stretching graph platesu the state of titanium ge-
fornaticn is sc acvanced, that it is difficult tc separate the process of
ture oisloucatiun generaticn at the yrain bouncary from tne changes relastec
tu the fact that it alsc forms <n ubstacle for the arriving dislocations.
Moreover, at this aefurmation state the cislccation interact with each
other inside the grain, which scoitionally complicates the interpretation.
Tc obtein the clarity of structural changes relatec to the initistion of
plastic deformation crocess, the microscorpic observations shoulc be con-
ducted for much smeller deformations. Tn connection with thet, the attempt
was m2de to observe the thin foi's after microcefcrmations. A thin foi)
of heated, fine grained titaniur wss plesced in the electron microscofre,
the electron bean was ferused on it and at the same tinme the veam intensity was
in-r~a=ed. This csuskd the micrcdeformations dus tc the Jocal heating. The
structurel changes assoclated with such microcdeform.ticns are shouwn in

Fiy <U.
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An increase of thc ceformeticn tc € = (.04 causes an increase in dis-
locaticn wensity, which furm tne cnaracteristic tangles. This is shouwn as
an examiple in Fig ¢1. The further ceformation at 25°C doesn't change the
stiucture character, conrly the dislocation density increases ( Fig 22 ).

On the other hand, the cefcrmation beyond the stretching graph plateau
lead to the fermaticn of cellular structure at 300°C. The formeation of
cellular structure was cuite viahle at ¢= 0.04, both for the arain size
E.7/,m ( Fig 23 ) and for the 17D.D/Am orain ( Fig 2k ). For the ceforma-
ticn with €= C,08 the cellular structure is well established, which can be

sesn in figs ¢5 and 26.

4, Discussion
The Fiys 7 through 1o show tne typical influence of temperature,ce-

formation, ueformetion speeo anu the grain size on the actuel velue of
stress oiviceo by the crocss sectional elasticity meoculus. 1In the functional
dependence of O /G with tempersture one cen separate the thermal aznd
athermal components cf &/G. During the veformation with the speed of

é = 2.6 X l[].l‘s.zzt:-1 the velue of /%G starting at 25C°C dcesn't chenge

for the =iven deformetiaon anc grairm size. C(ne can then consider this
ccnstant value a *herra' one. At temperatures lower than 250°C the total
5/G value may De treated as a sum of two components; thermal ana athermal.
The increase of ceformation speed by two orders of magnitude moves the range
of stress thermal component tc about 4LGL°C. Simultaneously one observes
tne disappearance of straight-line section of 5/G-T plot at higher deforma-

tions., This is caused by the faect that with the incresse of deformation

the free path between the barriers in the crystal lattice decreases, which

combined with the deformation speed, creates a2 less favorable condition for
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the thermal dislocation activation to pass these barriers.

A similar dependence on temgerature and deformation sreed is observed
for the C:coefficient in Ha'l-Fetch effect, called the "friction resistance”
( Fig & and 15 Y . TIn titeniur with the ( 10703 structure the =lic may
take place in the crismatic system (]UTU){_TZTD]or in the piramid system
¢ 101 LTZTD-1 (15). The small difference betwsen the critical stresses
in thesc systems causes that the sli, within the studiec temperature range
is pos.ible in botn systems. uislocaticns in the prismatic system are
the "forest" ci:locetions in tne piramid system anc reverse. The increase
af slip dislccation censity in one of these systems causes the increase
of "forest" uislocations in the other. This c=zuses the decrease of distances
between the berriers which can be overcome by the thermal activation. The
increase of deformaticn speed decreases the prebability that the cistocstion
cbtains the acditicnal energy through therma! fluctuaticn, sufficient to
overcore this harrijer.

fnother c-aracteristic prorerty of 6/G -T plets is a lerge differ:nce
between the -tress values corresponding to the deformaticns €= 0.002 anu !

€= 1.02 in coarse grained titsniur ( Fig o and 10 ) in reletion to the

fine graineo titaniun ( Figs 7 anu Y ). GSimilarly, tnere is & large
ditference vetween the values of g coefficient in Hsll-Petch eguetion for
uefoimations €= U.ule ang €= U.Ue ( Fig 14 anc 15 ). A large increase

in /L velue in early stage of defornetion, higsher than in the following
deformetion course, cen be associates with the considerable increese cof
di<location density at this stsce of deformstion as ues obs=srved by Jdones
and Conrad {4]. The increase of J/0G at the trensition from €= 0.0062 to

¢ =N.0.2 shows thr strese increase ceused by this ol-=location density increase,

Tn th. coarse arained materia’ ( Fic © ang Y0 ) this difference in stresses
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is very large. £t the =ame time, much higher [L} increase of dislocation
density in the grained materia) ceuses neqgligible stress incruase ( Fig 7

and 9 ), 0One c-n see, that there is 8 factor causing the increase of plastic
geformation "sturt" stress in polycrystal, with the cecrease of gr.in size.

The full picture of th.is phenomenon is given by the anslysis of
changes of « coefficient in Hall-Fetch equatiun during the ceformstion
process.

1t was cetermined, that in the entire range of temperstures from 25°C
to S00° C ( at 600 °C the Hell-Petch relation was nct setisfiec due to the
recrystallization ) the values of k coefficient determined for the ceformation
€ = 0.002, which corresponds te the beginning of plastic deformation, are
much higher that the values of these coefficients for € = 0.02 ( Fig 1),

Tab'e 2 and 3 ). From the data in Table 2 and 3, one czn see that the
values of k for €= C.002 are about twice as high than the k values for

£ =0.02. WNext, with the increase at the deformation,the values of k begin
to increase reaching at few tens of percent deformations the initial values.
That is graphically presentec in Fig l¢ anu 13. Lne can see, that the
tharacter of x vilue changes as a function of ceformation was identical for
all temperstures ana gefornation speeds.

Jones anu Conrad (4) while studying the icdirme titanjum with the
interstitial acmixture eguivalent to 0.09% of oxyoen, determined that the k
coefficient in Hal)l-Petch relation reaches the velue cf C.u4& kG/ mm 272
at €= 0.00”7, and doesn't chanoe with adcditiona! deformation.

Comparina these data, wvhich were cbtained far the high purity material,
cbt=ined by the metrac cf zcne meltino, with the present results, one has to
conclude, th=t the changes of k coefficlent as a function of deformation is
primarily determined bv the chemical composition, or mor~ precisely, the

amount of interstitial aomixtures.

ATy o, e o e




L X P

B Pt At

i 00 L Al il 78 Bk Mo 30 SN S S e - Gk e D RSPy

. T

ao)

Similar observation were made by Gupta ano Garofalc (16). The ions
stuoieo oy them, indicateu a very high value of ky ( the k value faor the
lower plasticity limit ) a&s ccmpared with the value of k in the Hall-Petch
relation obtained for €= 0.05 defaormation. By reducing the number of
interstitial admixtures, they obtained the state in which the k value
reached the minimum for the entire range cof studied deformaticns ( up to
€ = 0.15),

One can assume with Cottrell {07), that the interstiti=) atoms ciffuse
towards the dis'ncation sources and block them. From the present results
i+ foYlouws, that in titanijurm the blocking of dislocation sources by
interstitia) agmixture atoms is in close relation with the grain size: the
smaller the grain the larger is the Lblocking effect.

Une could esk now hcu the dislccation sorces are unblocked anc where
theoe s0UICES cre loucated.

From the point of view cf theoretical znalysis of Hall-Fetch relation,
it is possivle to accept both, the Li moael of disloceticn emissicn from
the grain poundary {168), and the Cottrell medel ( 19) which is a moa-
ification of pile-up model assuming the initiation of deformztion by unblocking
the scurces inside the prains due to the disleccation cile-uce. (Cn the
gne hand, the decrease of average grain ciameter may te cennected with the
decreased distance between grains. This cesuse= the increase of pile up
stresses, whick in turn wil) cause on the grain boundary the stress con-
contration sufficient to unbleccxk tne scurce in the neighbcring grain. Cn
the other hand, the decresse of grain diameter causes the severalfolag in-
crease of 4rein touncary surface in the fine graineo material as compared
with cceaerse grainec. Tu this grain bouncary surfeace the interstitia) aco-
mixture atoume uiffuse from the grain intericr.

The protlem cf acnixture stoms ciffusion to the bounceries uescribeo

by wWestbrook (20). Several . apers were cevoted to the

separation of inter-
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stitial atoms an grain boundaries. Amang them, Fhillips [21) experimentally
aetermined the oiffusion cf carbon atoms to the grain bounderies in iron,
Latznision end Opperhauser {[22) the separaticn of hydrogen on grain

toundery in nicke', anc Walsh and Kear [23) the separation of boron in
nicke) a'loy. Fortes and RPalph {24) using the icn microscope, deterwmined

the guantitative change of oxyoen concentrztion in iridium grain as a
functior of Zista~ce from grain broundary. The oxyoen cconcentration on the
agralirn bouncary was six times higher tham in the interior, and the separation
regicn vas about L50 E.

Ir view of these experinents cne can essume, that in the titanium
lattice there is elso g separaticn towards the grein boundary, most of &ld
far the mcoile interstitial ators.

In connection with thet, the effect of large stress differences in fine
and coasrse greinev material at the point of cefeormstion jnitiasticr
( ¢=0.002 ), ler:er than for subsequent cefarmztion, car be connected
with the unbleckina of dislocceticn scurces on the grain touncderies.

Assumina accovdinc te the LI moeel (1€), the same density of potential
dislccaticn sources on the orain touncdary, the tptz2) nurmter of siurces on
arain becundarv wi'l be much higher in Fine crained material. The high

va'ue of k crefficient i~ “all-"etch rel. tion fer &€ = 5.C02 resu'ts from
39010CK1ng of lerger nurtcer of scurces as finer grained the material is.

o

}he abservations of cislccation structure support this model. LUne doesn't
cbserve in the stuvieu material, flat dislucaetion systems forming the pile-up
on the yrain bounuaries. At small ceformations, both in room and

elevated temperctures the cislocation angles form, and st 3LG°C ane

ubserves at £ = 0.04 the formation of celluler structure. The dislocation

systens pbserved at & = 0.0 anc at rcom temcerztures ( Fio 16) are not

vi'eurs, =ncd lead t. specu'stion thet they are formed as e resu't of

oy
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generation taxing place from the grain boundary. Finslly, for the micro-
deformeticns one observed the cases of cislccation emission “rom the qrain
boundary with the formetion of logcetion errcr. Similar effect of partial
disYecation emissicn from the grain boungary under the influence cf the
electron beam w=s observed by Murr [2%) on thin stainless steel foils.

Nurmbier of authors sugnest that polycrystal deformation is initiated on
the crain boundaries.

warthington an. 3mith [26] anu Corrington and Mciean (27)
using the cavity etching methco,experimentally oeterminea the dislocation
generaticn frum the grein bounuary during the microdeformation of iron-
silicon alloy ( 3 -« 4% Si ). Ecigton anc Snaellman (Z&) observed the dis-
lgcation systems, curing the vanacium microdeformstion, similar to Fig léc,
and interpreted them as an effect of =ource activities om grain boundary.
Van Thorne and Thomas [29) using the analysis cf nichium dislccaticon
structure sucagest, that the dislccation sources in the microdeformation
phase are the arain boundaries anc thkes seperated atcms. Mascanzoni anc
Ruzziche''s ([30) on tre basis of observation of orain boundaries in pure
alnha irvn, sucoest th- existince of ¢rank-"’ead sources on bcundaries.
Thamiusarn [21) on the basis of stugies ¢f grain bocuncaries in nicke) sub-
jected to smal! deformaticn (€ = (0.002 . suggests that the observed lgops
could be the gislocaticn sgurces.

Accoraing to the clascical Li mcgel {lo), the cislocation gencration
from the grain vcunuarics toekes place only in the initial deformaticn
stage. The further increase of cislucaticn ovensity is realizea by the sources
acting inside the grain. The grein bcundaries Yimit the dislocetion
movement. Thic shows up in the systematic incrrase of k coefficient with

the deformetion incresse, starting with £= 0.02, and also in the changes




(13)

of dislocation structure. The thin foils in addition to the considerable
increase cf dislrcation density, shos the concentration of aislocations on
the grain boundaries and the interactic cof Yattice aoisloucaticn with these
tcundaries. Similar increasse of k ccefficiernt, after reaching the local
minimum was ceterminea amcng others by Coleman and Haroie [32) on
Zirkcnium anc umar @nu Entwisbe [53) for nicbium.

nS a ctuhsequence of cocnoucteu stucies anc the above oiscussicns, it is
Justifieo to propose the vescription of polycrystalline ceformation cf alshe

titanium by the L1 mooe)l of cislocation operaticn fror the grain tcocundary.

A
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Taule 2. The values of k ang G coefficients in the Hall-Fetch relation
Luyether with their steangard ceviztions Sk and 5% anc the correleztion
s s . . o -2 -1
coefficients R. Ueformatizn speec £ = 1.5 X 10 sec .
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Table 2. The values of k and< ccefficients from tre Hall-Petch relation
together with their standard deviation Sk and Sa’ anc the ccrrelatian
e
. -4 -1
coefficients R, The deformation speed ¢ = 3.6 X 10 'sec .

- |
Vemp. 0 3 Sk ' S,, R G, Sae 1t
£ = 0,002 £ = 0,02 !
N 1,17 9,24 16,6 1,68 0,91 h,68 0,2y 25,2 1,9 4,80
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Table 3. The values of I‘ ancC cecefficients fram tre Hall-Petch relation
together with their standard deviation Sk and So, anc the ccrreletion
2
. -4 -1
coefficlients R, The deformation speed ¢ = 3,6 X 10 sec .

\ ,
Temp, v & N ay S,. R ' A Ny a, Sae i
T Pt = e e e
€ = 0,002 } €= 0,00 !
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Fig 15. Temperature cepencence cf 3/G coefficient. DJeformetion speed

Fig 16. Structure of alrha titaniur with the grain size of 8.7/«m, = 0.01

deformetion at 25°f,
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Fig 17. svructure of olpha titanium uwith the grain size of o.7/um. £ = 0.02

geformation at BUDC C.

Fig lt. Structure of alpha titanium with the grain size 17D)um, €= 0.0

deformation, at 25° C.

Fig 19, fStructure of al'pha titenium with the arain size ]7D.D/Jm,

€= 0.02 defrrmztion, at *NC°M.,
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Fig 2C. “he nrain bouncary in alpha titanium after micrudeformation.

Fig 7?1, “tructure of alpha titani.m with the 9-7,Mm arain size, € = 0.04

geformation, at 257 .

Fig <2. Structure of alpha titenium with the c.V/Am grain size, €= O.ub

weformatiun, at «>° L.
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Fig ¢3. Structure of alpha titanium with :.7/4m grain size, €= 0.04

deformstion at 300° C.

Fig 2L, Structure of alpha titanium with the 17D.D,4m grain size,€ = 0.04

deform~tion at 30.0°r,
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Fig 75. CEtructure of alphs tit=nium with &.7/xm tre crain size, ¢ =

deformetion at 300° C.

*ig 26. Structure cf alpha titanium with 170.0 pm grain size, &= 0.0
/4

deformation at 3Lu . C.
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